S witchgrass yields and mineral nutrition can be aff ected by harvest timing and latitude, which in turn aff ect desired feedstock traits and producer profi tability (Adler et al., 2006; Madakadze et al., 1999; Vogel et al., 2002; Casler and Boe, 2003) . Current recommendations for a one-cut switchgrass biomass harvest in the southeastern United States is following the fi rst killing frost or 1 November, whichever occurs fi rst (Garland, 2008) . Th is recommendation is based on maximizing biomass yield and minimizing removal of essential nutrients such as P and K. However, curing conditions are oft en challenging during this time period due to weather.
Various studies in the United States have found maximum yield varies according to geographic location and cultivar due to genotype × environment interactions. In a 3-yr study on cultivar Alamo, Sanderson et al. (1999) found that highest biomass yields in a one-cut system occurred in mid-September. Parrish et al. (2003) also observed greater yields during September, but reported that implementing a one-cut harvest in September rather than November decreased yields the following year. Th erefore intra-seasonal gains may off set longterm yield benefi ts (Parrish et al., 2003) . Th e observation that early (September) harvesting leads to decreased switchgrass yields the following season has been attributed to removal of higher P and K and depleting carbohydrate reserves that could ordinarily be translocated during the fall from aboveground biomass (leaves and stems) to roots. Nutrient remobilization is believed to occur in response to environmental signaling, and allows plants to store greater quantities of essential nutrients belowground for plant growth and development the following season. However, data reported by Bacon et al. (2016) showed Finite nutrients, such as P and K are assumedly remobilized post-senescence in herbaceous feedstocks like switchgrass (Panicum virgatum L.) as a function of environmental signaling and genotype. Harvesting early during the maturation phase may result in yield reductions and higher nutrient removal in biomass depending on ecotype. Th erefore, it is necessary to target harvest dates that optimize yield while minimizing nutrient removal per cultivar. Consequently, objectives were to compare yields from 2010-2011 on eight widely used and experimental upland and lowland genotype (whole plot) at two locations in Tennessee, to determine: (i) which harvest timing (split-plot) provides maximum yield; (ii) eff ects of harvest timing (midSeptember, October, November, and late October) on overall total P and K removal; and, (iii) how results are aff ected by cultivar. Among all post-senescence harvests, yields peaked early November (13.2 Mg ha -1 ), which was greater than all other harvests (P < 0.05), with mid-October and late October not diff ering from one another. Because yields peaked in early November, P and K removal did not vary across harvest dates (despite both P and K concentrations declining mid-October). Lowland cultivars yielded 3.9 Mg ha -1 more biomass annually than upland entries, suggesting lowland cultivars are better suited to environments in the Southeast. Due to lower yields, P and K removals were lower for upland (Blackwell and C62), compared with lowland cultivars. Consequently, switchgrass can be harvested as early as mid-September without removing greater amounts of P and K, although variations within upland and lowland cultivars will likely occur. 
core ideas
• Phosphorus and K are assumedly remobilized in switchgrass post-senescence.
• Yields peaked early November, but P and K removal did not vary across harvests.
• Nutrient removal was lesser for upland compared to lowland cultivars.
• Switchgrass can be harvested as early as mid-September without removing greater amounts of P and K.
that significant translocation of P and K did not occur from September to October in eight switchgrass cultivars grown in Tennessee. As a result, authors concluded that earlier harvesting (mid-September) may not affect nutrient removal in climatic conditions of the southeastern United States. Switchgrass is classified by ecotype and as either an upland or lowland cultivar. With few exceptions, most upland types are octoploids (i.e., 2n = 8x = 72), whereas lowland types are tetraploids (i.e., 2n = 4x = 36; Parrish and Fike, 2005) . Lowland types are generally taller and more robust than upland ecotypes, with larger panicles (Parrish and Fike, 2005; Casler, 2005; Porter, 1966) . Although, latitude-of-origin largely drives productivity and survival, particularly under extreme climatic conditions, lowland cultivars tend to be less sensitive to moisture stress because they are adapted to xeric conditions (Parrish and Fike, 2005; Porter, 1966; Stroup et al., 2003) . In an 8-yr study at eight locations in the upper Southeast, Parrish et al. (2003) observed that yields were comparable among upland and lowland ecotypes when managed in a two-cut harvest system; however, lowland ecotypes were higher yielding in a one-cut system. Specifically, when cut once per season, lowland cultivars produced one-third more biomass than upland cultivars (Parrish et al., 2003) . Moser and Vogel (1995) identified Alamo as the top candidate for the Deep South, and Kanlow the best for mid-latitudes based on yield. Additionally, Lemus et al. (2002) found that Alamo and Kanlow produced the most biomass in a study comparing yield among 20 switchgrass ecotypes in southern Iowa. Because of their productivity in a one-cut system, lowland cultivars are more appropriate for biomass production in the upper southeastern United States (North Carolina, Kentucky, Tennessee, Virginia, and West Virginia; Fike et al., 2006) .
If large volumes of mineral P and K are removed from soils via harvested plant tissue without replacement, soils can become deficient and require fertilizer additions. Furthermore, fertilizer sources of P (i.e., phosphate rock) are finite, making conservative use of this element important (Cordell et al., 2009) . Lemus et al. (2009) determined biomass nutrient concentrations are affected by location, management, and harvest date, while location and management affected total nutrient removal. In addition, elevated inorganic minerals (e.g., P and K) in switchgrass tissue can cause slagging in combustion chambers when thermochemically converted, making high concentrations of these nutrients adverse to feedstock quality (Boateng et al., 2007) . According to Ashworth et al. (2016) P and K remobilization, ethanol yield, fermentable sugars, and in-field dry-down are greater for overwintering harvests, although 22% yield losses occurred. Therefore, nutrient removal tends to be higher earlier in the season, and yield may also suffer if harvest is executed too early (Heaton et al., 2009 ). Maximizing yield is a priori for producers; but, management strategies that support high yields with low inputs are most desirable (Parrish and Fike, 2005) . Yang et al. (2009) suggested genotype, in addition to harvest timing can dictate nutrient losses, meaning cultivars with higher nutrient-use efficiencies (NUE) may be important for long-term biomass sustainability. Also, NUE has shown to increase over time with harvesting after killing frosts, which suggests improved nutrient cycling with delayed harvests.
Alamo and Kanlow are benchmark lowland cultivars; however, recently released cultivars may have greater NUE and be higher yielding at certain harvest dates due to genotype ´ environment responses, although this has not been confirmed. In addition, no data are available on how P and K removal varies spatially for upland and lowland cultivars, post growingseason. Therefore, data are needed to determine removal timing impacts throughout the harvest window across diverse cultivars and plant ecotypes. Consequently, the purpose of this study was to compare multi-year yield data from eight widely used and experimental upland and lowland switchgrass cultivars in Tennessee to determine for the southeastern region: (i) which harvest timing provides maximum yield; (ii) effects of harvest timing on overall P and K removal (in leaves and stems); and, (iii) how results are affected by switchgrass cultivar. (Fig. 1) . The first fall freeze occurred on 29 October in both 2010 and 2011. Soils at the HRREC site are classified as Dickson silt loam (fine-silty, siliceous, semiactive, thermic Glossic Fragiudult). Prior to experimentation, the site was under winter wheat (Triticum aestivum L.) production. This location is situated in the East and central Farming and Forest Region (NRCS, MLRA) 123 classified as the Nashville Basin (LRR) "N". Most of this area is characterized by having low interior plateaus, with narrow rolling ridgetops.
MaterialS and MethodS

Site description and characterization
Soil samples were taken at a depth of 15 cm to determine initial Mehlich-1 (Mehlich, 1984) extractable nutrients by inductively coupled plasma (ICP) using a 7300 ICP-optical emission spectroscopy (OES) DV (PerkinElmer, Waltham, MA). The pH was determined on a 1:1 soil/water ratio using an AS3010D Dual pH Analyzer (Labfit, Burswood, Australia). Soil P levels tested medium or high at ETREC and HRREC (23-37 and 49-83 kg P ha -1 , respectively; Table 1 ); as such, no P or K was applied during the experimental period (Garland, 2008) . For both locations, an annual rate of 67 kg N ha -1 was applied in the form of ammonium nitrate (NH 4 NO 3 ) when switchgrass was approximately 30 cm tall (approximately mid-April).
Plant Material descriptions and tissue Sampling
To determine differences in late growing-season P and K accumulation, eight lowland and upland switchgrass cultivars or experimental lines (hereafter referred to as cultivars) were established in a randomized complete block design with three blocks each at ETREC and HRREC in May and June 2007, respectively. Treatments were assigned in a split-plot design (cultivars being the whole plot and harvest date being the split-plot [Garland, 2008] ).
[Sharp Bros. Seed Co., 2011]). Alamo and Kanlow are two standard lowland cultivars that serve as benchmarks for new and forthcoming cultivars. All of the aforementioned cultivars are lowland accessions, except C62 and Blackwell, which are upland cultivars (Ceres, Inc., 2008) . Alamo is the standard lowland cultivar grown in the southeastern United States; therefore, Alamo is of particular interest on a commercial scale. Kanlow is a lowland cultivar that is comparable to Alamo and is also of interest in commercial switchgrass production. A more recent commercial cultivar is Cimarron, which was released as a commercial lowland cultivar in 2008 by the Oklahoma Agricultural Experiment Station (Oklahoma State University, 2011). Seeds were no-till drilled at a rate of 9 kg pure live seed ha -1 using a five-row Hege 1000 plot drill (Colwich, KS) at both locations.
Phosphorus and K levels in leaves and stems were determined for each cultivar during mid-September, mid-October, late October, and early November at both ETREC and HRREC from 2010 to 2011. Ten random plant tillers from each plot were clipped 3 to 5 cm aboveground during each harvest date for subsequent tissue analysis. Stems and leaves were separated for each tiller sample and analyzed separately. Yields were determined following tiller sampling (20.3-cm stubble height) with a Carter plot harvester (Brookston, IN). Whole plots were 1.5 by 7.7 and 1.5 by 9.1 m, with harvested subplot size being 0.9 by 1.5 and 1.5 by 1.8 m at ETREC and HRREC, respectively. Harvest dates were 17 Sept. 2010 , 15 Oct. 2010 , 29 Oct. 2010 , and 11 Nov. 2010 and 17 Sept. 2010 , 15 Oct. 2010 , 1 Nov. 2010 November at HRREC. In 2011, harvest dates were 17 September, 15 October, 29 October, and 11 November at ETREC; and, 17 September, 15 October, 1 November, and 22 November at HRREC. Grab samples (1-2 kg) from plot harvests were collected to determine moisture content. Fresh weight of each sample was measured and then dried in a batch oven (Wisconsin Oven Corporation, East Troy, WI) for a minimum of 48 h at 55°C, and dry weight was measured. Samples were ground to pass through a 2-mm screen using a Wiley Mill (Thomas Scientific, Swedesboro, NJ). Predicted removals of P and K in harvested biomass on a unit land area basis were calculated (biomass yield × nutrient concentration [weight averaged for stems and leaves based on mass and adjusted accordingly]).
Phosphorus and Potassium Analysis
Tillers were analyzed for P and K (stems and leaves separately) by placing 0.5 g of dried ground tissue in a 16 by 100 mm glass tube and ashed at 450°C for 4 to 6 h. Ten milliliters HNO 3 (70%) was used to dissolve ash (Huang and Schulte, 1985) . Samples were analyzed using an inductively coupled plasma mass spectrometer (ICP-MS, Model 7500ce, Agilent Technologies) at the University of Tennessee, Knoxville (Barickman et al., 2013) . Digestions were diluted with 2% HNO3/0.5% HCl, and elemental measurements were made using an Agilent 7500ce ICP-MS system (Agilent Technologies). The ICP-MS system was equipped with an octapole collision/reaction cell, Agilent 7500 ICP-MS ChemStation software, a micromist nebulizer, a water-cooled quartz spray chamber, and a CETAC (ASX-510; CETAC, Omaha, NE) auto-sampler. The instrument was optimized daily in terms of sensitivity (Li, Y, Tl), level of oxide (Ce), and doubly charged ion (Ce) using a tuning solution containing 10 µg L -1 of Li, Y, Tl, Ce, and Co in a 2% HNO 3 /0.5% HCl matrix. Mineral elements were expressed on a dry matter basis. Statistical Analysis Switchgrass yield and tissue nutrient concentration (dependent, explanatory variables) by cultivar and harvest date (fixed effects) were analyzed under analysis of variance tests using the Proc Mixed procedure (SAS V9.3; SAS Institute, 2016); wherein, cultivar (whole plot), harvest date (split-plot), and year were considered fixed effects. Block and location were entered as random effects. A global model was initially analyzed (in which data were combined across years, harvest dates, cultivars, locations, etc.) to assess individual main effects. Thereafter, based on interaction probability levels, models analyzed yield and P and K removal (by harvest date and cultivar) to assess interactions. Mean separations were performed by the SAS macro "pdmix800" (Saxton, 1998) and, when main effects or interaction differences were found, means were separated with Fisher's LSD at a Type I error rate of 5% (SAS Institute, 2016) .
reSultS and diScuSSion
Yield Variance by Cultivar and Harvest Date
Study results revealed yield differences among cultivars (P = 0.03) and harvest dates (P < 0.001), although not for cultivar × harvest date interactions (P = 0.23; Table 2 ). When averaged across locations, years, and cultivars (P > 0.05) yields were greatest during early November (13.2 Mg ha -1 ), (P < 0.05; data not shown [DNS] ). Harvests during mid-October and late October did not differ (10.4 and 10.2 Mg ha -1 , respectively); however, both were greater than the earliest harvest date (midSeptember, 8.9 Mg ha -1 ; DNS). These results were contrary to those from Parrish and Wolf (1993) , who reported 10% dry matter reductions from early September to late October throughout the upper Southeast; with Sanderson et al. (1999) reporting 12% losses in central Texas. However, all years and locations of the aforementioned studies had excessive (>50% higher) precipitation, which causes leaf loss and can promote lodging. Conversely, yields in this study increased 32% between mid-September and early November, and 22% between mid-to late October and early November. This atypical switchgrass growth pattern is likely due to greater-than-average temperatures (17°C departure from 30-yr average) occurring September to October, as well as a killing frost not occurring until late October to early November in 2011 (Fig. 1) . Similarly, in a time-course biomass yield and composition study in Arkansas, Ashworth et al. (2017) observed peak yield later in the season (27 September). This indicates precipitation and killing frost frequency may be a main driver for biomass losses post-growing-season. First killing frosts in warm-temperate Tennessee did not occur until 19 October to 7 November; therefore, green tissue was likely still photosynthesizing and accumulating carbohydrates. Based on these results, under similar environmental conditions, switchgrass harvests can be initiated in September and October to take advantage of better curing conditions; however, harvesting after the first killing frost allows for further moisture loss in the standing crop.
When compared by year, differences did occur among harvest dates, given that Year-1 cumulative yield was substantially (P < 0.05) lower compared with 2011 (8.0 vs. 13.5 Mg ha -1 , respectively; DNS). Furthermore, differences occurred within harvest timing × year (P < 0.05). No yield differences occurred among harvest dates for 2010, and earlier harvests in 2010 did not result in lower yields in 2011 (Fig. 2) . Yields differed among harvest dates in 2011, but primarily due to the higher yield in November (Fig. 2) . Specifically, between both years and among harvest dates, greatest yields occurred early November during the second experimental year (2011), followed by midOctober, with mid-September and late October not differing (Fig. 2) . These data suggests that in some years, detrimental yield impacts may occur from earlier post-senescence harvests removing carbohydrate reserves. These results support those reported by Parrish et al. (2003) , de Koff and Allison (2015) , and Gorlitsky et al. (2015) .
Yield varied among upland and lowland cultivars, with lowland entries exceeding that of upland species. Specifically, Blackwell and C62 were lowest (6.6 and 8.8 Mg ha -1 , respectively), with Cimarron being the greatest (12.5 Mg ha -1 ; Table 3 ). Cimarron also did not differ from benchmark cultivars (Alamo and Kanlow), or C75 and C77, with Oklahoma NSL not differing from any cultivar (10.1 Mg ha -1 ; Table 3 ). These results suggest that lowland cultivars are better suited to environments similar to those tested in the Southeast; however, cultivars reportedly better suited to mid-latitudes, such as Kanlow, can provide comparable yields to benchmark cultivars in the humid mid-South. This result was consistent with Lemus et al. (2002) , who reported Alamo and Kanlow were among the most prolific producers of dry matter among switchgrass cultivars. Furthermore, Wullschleger et al. (2010) reported that Alamo and Kanlow, produced on average 4.6 Mg ha -1 more dry matter annually than upland cultivars; however, our results indicates a difference of 3.9 is more reasonable for the climates and soils of humid Tennessee.
Phosphorus and Potassium concentrations and estimated removal in harvested Biomass Cultivar × year × harvest date did not impact P and K removal (P > 0.05), although year × harvest timing interacted to affect mineral P and K tissue removal (Table 2) . Phosphorus and K mineral plant nutrition did not vary by location, which was contrary to expectations, considering differences in soil P and K concentrations per location (Table 1) . Cultivars and years resulted in variations (P < 0.05) in aboveground (leaf and stem) P and K removal, whereas harvest date, harvest date × cultivar, and cultivar × year interactions did not (Table  2) . Specifically, P and K removal was lowest for the upland cultivars, Blackwell and C62. Conversely, P and K removal was highest for lowland cultivars, Kanlow, Cimarron, and Alamo (Table 3 ). This result suggests that these lowland cultivars may not be ideal feedstocks in thermo-chemical conversion systems, considering P and K are major constituents of ash, which causes slagging in combustion systems (Boateng et al., 2007; Bacon et al., 2016) . Table 3 . Switchgrass P and K tissue (weight averaged across leaves and stems) concentrations and removal averaged across fall harvest periods (mid-September, October, November, and late October) at East Tennessee and Highland Rim Research and Education Centers from 2010-2011.
Cultivar
Yield Therefore, breeding programs could select cultivars with high NUE and improved switchgrass mineral dynamics and crop productivity.
Both P and K concentrations declined late October and early November compared with earlier harvest dates (Fig. 3) . However, because of the inverse relationship with yield, there were no detectable increases in removal rates (P > 0.05). Measured P concentrations (post-senescence) were similar (1.1 kg Mg -1 dry matter) to those reported by Kering et al. (2012) ; however, K concentrations were greater than those reported by others (2.7 kg Mg -1 dry matter). These results suggest that while P or K concentrations declined post-senescence, removal rates do not differ due to slightly lower biomass yields from earlier harvests. Therefore, neither plant tissue (Fig. 2) nor soil mineral (Table 1) concentrations decreased from mid-September to mid-November in 2010 and are therefore negligible. However, there was a trade-off with lower biomass yield midSeptember compared to later harvest dates. Given that P and K levels may continually decline throughout the winter due to nutrient translocation and leaching from plant tissue, further research is needed to determine P and K levels in plant parts over-winter. The amount of P and K sequestered post-growing season and potentially leached in senesced material has implications for feedstock usage in thermal conversions, soil fertility, and nutrient cycling, as well as sustainable nutrient input requirements long term in biomass systems.
We hypothesized that P and K removal rates would be reduced into the fall due to increased nutrient translocation and minimal yield declines post-senescence; however, this was repudiated in that neither P nor K mineral removal varied during fall harvest periods (mid-September, October, November, and late October). Potassium removal was more than four times greater than P removal, which has been observed by others (Woodson et al., 2013; Ashworth et al., 2017) . Switchgrass P and K removal (via biomass harvests) was estimated at 10.2 to 19.9 and 52.4 to 93.5 kg ha -1 yr -1 , respectively, across harvest dates (Table 3) . Based on associated removal rates, annual fertilization would have to add back approximately 11 to 20 and 53 to 94 kg ha -1 yr -1 of P and K, respectively, to maintain soil test levels. concluSion Among all post-senescence harvest dates tested in this study, (mid-September, mid-October, late October, and early November), yield peaked in early November (13.2 Mg ha -1 ). Because yields peaked in early November, P and K removal did not vary across harvest dates despite both P and K declining in late October and early November compared with earlier harvest dates. This was due to the inverse relationship observed with yield and P and K concentrations. Therefore, from a nutrient removal standpoint, upland and lowland switchgrass can be harvested as early as mid-September in Tennessee without removing greater amounts of P and K in harvested biomass. However, there could be a trade-off in some years of obtaining 20 to 30% lower biomass yields from earlier harvests and potential yield detriments over time, albeit more temporally and spatially diverse data are needed.
Yield varied among upland and lowland cultivars, with lowland entries producing greater levels of harvestable biomass. Specifically, Blackwell and C62 were lowest, with Cimarron being the greatest (when averaged across locations and years). These results bolster previous work that suggests lowland cultivars are better suited to environments in the Southeast; however, cultivars reportedly better suited to mid-latitudes, such as Kanlow, can provide comparable yields to benchmark cultivars in the humid mid-South. Furthermore, P and K removal was lowest for upland cultivars, Blackwell and C62, and highest for lowland cultivars, Kanlow, Cimarron, and Alamo. This is indicative of the genetic diversity across switchgrass cultivars, as well as the potential for developing cultivars with improved NUE. 
